The stress-optical and thermal-optical coefficients of Nb 2 O 5 in thin film narrow bandpass filters ͑NBPFs͒ are determined by using the experimental data of temperature-dependent shift of center wavelength. The five-cavity subnanometer NBPFs under consideration are made by the same Nb 2 O 5 and SiO 2 film materials but deposited on two different substrates ͑WMS-02 and F-7͒ through ion-assisted deposition process. The shift of center wavelength in the bandpass filters due to temperature rise is theoretically formulated and related to a variety of factors including the change of refractive index and film thickness due to temperature rise as well as thermal stress. By using the experimental data of center wavelength shift, the unknown stress-optical and thermal-optical coefficients of Nb 2 O 5 thin film material are evaluated. These coefficients are equal to −95.1 ϫ 10 −12 Pa −1 and 1.43ϫ 10 −5°C−1 , respectively, at 1550 nm wavelength.
I. INTRODUCTION
Thin film materials have important applications in diverse fields, such as microelectronics, optoelectronics, micromechanics, and optical sensors. In the field of communications, the technology of optical thin film deposition can now provide dense wavelength division multiplexing ͑DWDM͒ devices with excellent performance, reliability, and thermal stability, as well as low loss. Recently, thin film filter technology has gradually come to dominate the 200 and 100 GHz DWDM markets. Competing solutions, such as arrayed waveguide grating ͑AWG͒ and fiber Bragg grating ͑FBG͒ technologies, have trailed behind as a result of system complexity and manufacturing difficulties. Very good performance of thin film DWDM filters absolutely relies on the coating uniformity, residual stress, and physical properties of thin film materials, especially, as refractive index, Young's modulus, Poisson's ratio, and stress-optical and thermaloptical coefficients. Consequently, the accurate evaluation of the film properties is necessary in designing and fabricating complex devices.
The physical properties of a thin film material are closely correlated to its density. For instance, with a higher energy bombardment in the film deposition process, the associated densification process will yield the higher values for the refractive index, especially desired for optical applications. Thin dielectric films are generally deposited by a variety of deposition techniques, especially by ion-assisted deposition ͑IAD͒ and ion beam sputtering deposition ͑IBSD͒ processes, which involve a transport phenomenon of high energy materials in a relatively cold and low-pressure environment and will result in an amorphous film with high packing density, low optical scattering, and smooth surface with good mechanical and optical qualities. When the optical thin films cool down to room temperature from deposition temperature or expose to environments during service, significant stresses, deformations, and interface delamination may be introduced in the structure due to porosity, defects, intrinsic stress, and different thermal expansion coefficients between layers. Consequently, the quality and the optical performance of the devices may thus be sincerely deteriorated or damaged due to, for instance, the temperature and stress induced shift of center wavelength or degradation of transmission curve in the optical spectrum.
The total residual stress induced in a thin film material is generally composed of intrinsic stress and thermal stress. The former is generated during film growth due to relatively complicated microscopic mechanisms, such as the different spacings of atoms in a growing film, the incorporation of excess vacancies, the presence of impurities and bombardment by energetic particles, etc., while the latter results from the difference in the thermal expansion coefficients between adjacent layers. Residual stresses induced in the thin film material significantly influence not only the mechanical performance of coatings such as spallation resistance, thermal cycling life, and fatigue properties but also the optical, electrical, and magnetic behaviors of layer devices due to the cracking, interfacial delamination, and the change of physical properties due to their stress and deformation dependence in nature.
Recently, niobium ͑Nb͒ has become the focus of attention as a candidate alternative material to tantalum ͑Ta͒, both are in the same group of elements in the Periodic Table. For instance, Nb 2 O 5 is a more promising material for electrolytic capacitors than Ta 2 O 5 . Moreover, Nb 2 O 5 is an excellent candidate for optical thin film applications. It is transparent and has a high index of refraction in the wavelength range from 380 nm to 9 m. In addition, it is insoluble in water, stable in air, relatively unreactive plus acid, and base resistant. However, very limited data on Nb 2 O 5 thin films have been reported, especially the properties relevant to the stressoptical and thermal-optical coefficients.
Temperature stability of the center wavelength in thin film narrow bandpass filters ͑NBPFs͒ is always an important issue and has been investigated by several groups in recent decades. [1] [2] [3] For instance, Takashashi developed an elastic strain model to investigate the temperature stability of four types of single-cavity, thin film NBPFs produced by IAD. 1 The results revealed that the main reason why the temperature stability of the center wavelengths exhibits substrate dependency is due to a reduction in film packing density brought about by volumetric distortion of the film, which is caused by stress induced from the substrate.
The main objective of this work is to propose and provide a realistic analytical method to evaluate the stressoptical and thermal-optical coefficients of Nb 2 O 5 thin film material by individually measuring the shift of center wavelength in two different NBPFs, made of the same film materials but deposited on two different substrates, respectively. These two kinds of substrates, i.e., WMS-02 and F7, have very similar coefficients of thermal expansion but a slight difference in Young's modulus; however, two completely different shifts of central wavelength, one is the blueshift and the other is the redshift, are observed in the experiment as the temperature increases. By using the analytical model, the stress-optical and thermal-optical coefficients of Nb 2 O 5 thin film material are accurately evaluated. Moreover, the detailed mechanisms in the central wavelength shift of NBPF are investigated and clarified.
II. EXPERIMENT

A. Filter design
The bandwidth requirements for a 100 GHz filter are 0.4 nm at −0.5 dB and 1.2 nm at −25 dB. The figure of merit, which is the ratio of the bandwidth at −25 dB to that at −0.5 dB, is 3.0. To manufacture a high-performance NBPF, a five-cavity Fabry-Pérot-type filter with 187 layers coated on the top side of the substrate is necessary. 4 A four-layer antireflective coating is coated on the back side of the substrate to prevent étalon-effect-induced transmission ripples from affecting the measurements. Thus the sequence of the topside multilayer is designed by the following scheme: Here H and L denote the quarter-wave layers with high and low refractive indices, respectively. The last two layers, HЈ and LЈ, are designed for antireflection to match the air ambient. Note that the layer sequence of the multilayer structure for the NBPF scheme is in terms of H and L, except the outmost HЈ and LЈ layers, and is symmetric so that the spectra farther away from the monitoring position will not be rapidly degraded during the coating process.
B. Coating process
The coating system mainly contains two rotational offset electron guns and a 16 cm Kauffman-type ion source. Moreover, oxygen is introduced as a working gas. The coating materials, Nb 2 O 5 and SiO 2 , are placed on the circular hearths in the two electron guns. The vacuum chamber is pumped down to a base lower than 10 −4 Pa and is heated to 200°C, permanent magnets are arranged around the ion source to supply magnetic fields in order to confine the plasma with a high degree of ionization. The mass flow controller is set to 15 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒, and the working pressure is 1.8ϫ 10 −2 Pa. The substrate is 95 mm in diameter and 1.5 mm in thickness, and it is loaded on a holder rotating at 800 rpm. The high rotation rate ensures symmetrical film deposition.
The as-deposited films are then uniformly deposited throughout the substrate under stable deposition and etching rates for the two coating materials to achieve the lowest thickness variations that are necessary conditions for the 187 layer coating of the NBPF.
During the deposition process, an optical thickness monitor set at a wavelength of 1563.6 nm is used. The optical thickness of the NBPF films is monitored by using the turning-point method. Precise prediction of the turning points for the overall as-deposited layers is crucial for NBPF performance. Moreover, to increase the usable ring area of NBPF for mass production, the monitoring position is usually set at 7 mm off the center of the substrate. Consequently, a stable dielectric multilayer stack, with alternating Nb 2 O 5 and SiO 2 thin films, with low stress, high packing density, high refractive index, low extinction, and low surface roughness, can be obtained.
C. Narrow bandpass filter measurement
The measurement system for DWDM filters consists of an HP 81632A power sensor module, an HP 81640A tunable laser, and an HP 8164A light-wave measurement system. The wavelength for the measurement ranges from 1500 to 1640 nm. The accuracy of the absolute wavelength is ±0.015 nm and that of the wavelength resolution is ±0.001 nm. The system has a fiber with a gradient-index lens focusing the measuring light beam in a diameter of 0.5 mm at a distance of 2 mm away from the top side of the substrate. It has also a 0 -100 mm stage capable of precisely measuring the NBPF at any specified location with a resolution of 0.02 mm. Therefore, the transmittance spectra of the NBPF measured on the substrate at different locations controlled by the stage can be accurately obtained, as shown in the literature. 4 Furthermore, the specifications and the central wavelengths of the NBPF can be determined automatically by software embedded in the system. With proper control, the system is capable of providing stable, accurate, and repeatable measurements for DWDM filters.
III. THEORETICAL MODEL OF ANALYSIS A. Stress and deformation analysis of multilayer structure
A multilayer structure composed of 187 layers of optical thin film and one layer of substrate is considered in stress and deformation analysis. An improved laminate model, proposed by the authors, 3 ,5 is adopted in this study, in which not only intrinsic and thermal stresses and misfit strain but also the bending effects are able to be considered. In this model the substrate and the optical thin films are divided into many imaginary thin layers. Suppose the force resultants and moment resultants are invariant along the sections normal to the neutral plane, they are equal to zero due to the absence of external loadings imposed on the film/substrate system. The strains and curvature of the neutral surface can then be obtained. Consequently, various stress components distributed along the films and substrate can be evaluated. Compared to the analytic stress model in the literature, 2 which was confined to the situation without intrinsic stress and bending moment, this model provides a more realistic and accurate analysis to evaluate stress distributions and deformation curvature.
B. Optical characteristics of thin film structure
The transmittance of an assembly is calculated through the concept of optical admittance. 6 The optical characteristics of multilayer are replaced by a single surface which has an input optical admittance Y given by
where
͑2͒
in which
͑3͒
It represents the characteristic matrix of the kth film; 
If 0 , the angle of incidence, is given, the values of k and S can be found from Snell's law, i.e.,
The reflectance R, transmittance T, and absorptance A of the optical thin film structure can be obtained through the following equations:
C. Center wavelength shift and transmission curve distortion
For two or multiple cavity filters, which are composed of two or more of the Fabry-Pérot filters in series with the repetition number for periodic stacks m, it has been extensively reported that the variation of optical path length at each film layer plays a dominant role on the change of transmission characteristics which mainly include the center wavelength shift and degradation of transmission curve. The variation of optical path length, ⌬͑n i d i ͒ , i = H , L, can be generally expressed as
͑9͒
It means that the variation of optical path length may be resulted from the change of refractive index n and the thickness of film layer d due to the effects of temperature T and stress . If the variation of optical path length is identical not only at all low index layers but also at all high index layers, respectively, it will lead to center wavelength shift only without degradation of transmission curve. Otherwise, both center wavelength shift and transmission curve distortion will appear simultaneously.
If the variation of optical path length at high and low layers are identical, the ratio of center wavelength shift to center wavelength can be simplified to the form
where L and H indicate the low and high layers, respectively, and
Center wavelength shift of DWDM, therefore, may be resulted from the following factors.
Effects of temperature on optical index and film thickness
Influence of temperature change on refractive index, called thermo-optic effect, is determined by the thermo-optic coefficient of film material. It is presented in all practically used waveguide materials. Thermo-optic control of optical waveguide devices is attractive from viewpoint of simplicity and flexibility. Moreover, thermo-optic space switches are commercially available. The change in refractive index n of a material with temperature T is due to the change in density and due to the temperature change itself. In fused silica, the thermo-optic effect is mainly due to the latter, which originates from the thermal changes in the polarizability. Materials that exhibit strong nonlinearity of refractive index or a thermo-optic effect are promising candidates for applications in optical switching devices. On the other hand, the influence of temperature change on the film thickness is determined by the thermal expansion coefficient of film material.
Influence of a temperature rise on the optical behavior of a multilayer film narrow bandpass filter has been investigated by the literature. [1] [2] [3] Since the variation of optical path length at each high or low layer is almost identical due to a uniform temperature rise or drop, it, generally, only results in the center wavelength shift without serious degradation of transmission curve.
Effects of stresses on optical index and film thickness
The permittivity and dielectric constant, and hence the refractive index, are, in general, functions not only of the applied electric field but also of the stress on the material. The change of the refractive index caused by stress is called the photoelastic effect. 8 The refractive index of a crystal is specified by the indicatrix, which is an ellipsoid whose coefficients are the components of the relative dielectric impermeability tensor B ij at optical frequencies, namely,
where the tensors B ij is defined as B ij = 0 ‫ץ‬E i / ‫ץ‬D j .
Thus the small change of refractive index produced by stress is a small change in the shape, size, and orientation of the indicatrix. This change is specified by giving the small changes in the coefficients B ij .
If we neglect higher-order terms than the first in the field of stresses, the changes ⌬B ij in the coefficients are given by
where ijkl and p ijrs are called the piezo-optical and strainoptical coefficients, typically having the orders of magnitude of 10 −12 Pa −1 and 10 −1 , respectively. By using the relation, B =1/n 2 , it is assumed that the change of refractive index for an isotropic film material can be written as 8, 9 ͩ ‫ץ‬n ‫ץ‬
Consequently, the optical performance of optical thin film may be changed due to the alteration of refractive index induced by film stress, as shown in Eq. ͑13͒. On the other hand, the change rate of the ith layer thickness due to stresses can be easily obtained through the following equation:
Based on the above equations, it clearly appears that if the stress level is identical not only at each high layer but also at each low layer, then the consistency in the variation of optical path length will lead to only center wavelength shift instead of degradation of transmission curve. In this report, an accurate mechanical model is adopted to calculate the distributions of film stress. Moreover, the influence of stresses on the transmission characteristics is evaluated and discussed. 
043513-4
Chen et al. J. Appl. Phys. 101, 043513 ͑2007͒
IV. RESULTS AND DISCUSSION
Five-cavity subnanometer bandwidth filter of the design,
LЈ HЈ/air, is adopted in the analysis. The total number of film layers, therefore, is 187. The materials of high and low refractive indices are Nb 2 O 5 and SiO 2 , respectively. The central wavelength shifts of NBPFs, individually deposited on F7 and WMS-02 substrates, under different temperature rises are measured and plotted, as shown by the dots in Figs. 1 and 2 , respectively. It is interesting to find that there exist different shifts for these two NBPFs deposited on different substrates. The NBPF of F7 presents a redshift, while the NBPF of WMS-02, on the contrary, reveals a blueshift as the temperature increases. These experimental data can be approximately represented by the linear relations ⌬ = 0.0013⌬T + 1549.8 and ⌬ = −0.0008⌬T + 1541.8, respectively.
The mechanical and optical properties of the thin films and substrates are given in Table I . It is worthy to mention that compared to the oxides of the other transition metals the phase diagram of Nb 2 O 5 is rather complicated. So far the existence of at least 12 distinguishable phases has been reported in the literature. 15 They are commonly divided into a few high-and low-temperature phases, and the transition between them occurs in the range of 800-1100°C. Moreover, it was found that the films deposited by midfrequency ͑MF͒ magnetron sputtering are most probably made up of nano- 16, 17 respectively. The corresponding data for Nb 2 O 5 film material, however, are still absent in the literature and will be determined in this article.
The thermal stresses induced in the thin films due to temperature rise are evaluated by improved laminate model and shown in Table II , where the x axis is parallel to the plane of thin film layers.
In this study, only the stress-optical coefficient, ͑‫ץ‬n / ‫͒ץ‬ T , and thermal-optical coefficient, ͑‫ץ‬n / ‫ץ‬T͒ , of the film material, Nb 2 O 5 , are unknown properties. These two properties can be easily evaluated inversely and are given in Table III . It has been reported 14 that the value of ⌬n / ⌬, similar to the definition of the stress-optical coefficient, for a number of Nb 2 O 5 film samples deposited by both dc and MF magnetron sputtering processes under various process parameters is confined within the range from −100ϫ 10 −12 to − 800ϫ 10 −12 Pa −1 . Since the index of refraction of a material is correlated to its density, it can be assumed that with an increased particle bombardment in the film deposition process the associated densification process will yield less level Moreover, contributions of four factors, i.e., the change of film thickness due to temperature rise ͑⌬T =70°C͒, ‫ץ‬d / ‫ץ‬T, and thermal stress, ‫ץ‬d / ‫,ץ‬ as well as the change of refractive index due to temperature rise, ‫ץ‬n / ‫ץ‬T, and thermal stress, ‫ץ‬n / ‫,ץ‬ on the shifts of central wavelength for two different NBPFs, with substrates F7 and WMS-02, respectively, are evaluated and given in Table IV . It is seen that for the same temperature rise the thermal stress induced in the thin films plays a key role on the final situation of central wavelength shift. The substrate WMS-02, in comparison with F7, has higher Young's modulus and a larger difference in thermal expansion coefficient between substrate and film materials. Therefore, higher tensile thermal stress will be introduced in the thin films. Consequently, higher tensile thermal stress induces a more decrease in film thickness and refractive index, or the redshift of central wavelength in WMS-02 NBPF.
V. CONCLUDING REMARKS
In this article, two five-cavity thin film NBPFs are fabricated by using the same Nb 2 O 5 and SiO 2 film materials individually deposited on different substrates, F7 and WMS-02, by IAD process. It is observed that the NBPF of F7 presents a redshift, while the NBPF of WMS-02, on the contrary, reveals a blueshift as the temperature increases. The mechanism and theory related to this central wavelength shift due to temperature change are investigated and discussed. It is found that the different levels of thermal stress induced in the thin films of two NBPFs play a key role on the final situation of central wavelength shift. Moreover, the magnitudes of the stress-optical and the thermal-optical coefficients of Nb 2 O 5 thin film material are evaluated by measuring the data of central wavelength shifts due to a temperature rise. These coefficients are evaluated and approximately equal to −95.1ϫ 10 −12 Pa −1 and 1.43ϫ 10 −5°C−1 , respectively. 
